The rapid spread of the highly pathogenic A/H5N1 avian influenza virus among domestic birds and its transmission to humans has induced world-wide fears of a new influenza pandemic. A/H5N1 has infected over 300 people since 1997, and has shown a mortality rate of over 50%. The high mortality in human cases is thought to be enhanced by the excessive secretion of various endogenous factors, including cytokines and interleukins, stimulated by viral infections. Chickens infected with A/H5N1 viruses experience sudden death without showing severe clinical symptoms or inflammation. However, severe hemorrhage and congestion are seen in various tissues in sporadic chicken cases of A/H5N1-infections, especially in the pulmonary tissues, thus indicating that there is ischemia due to vascular abnormalities. Our previous studies have focused on the expression pattern of endothelin-1, which modulates the vascular tone via endothelin receptors. An Indonesian sporadic strain of A/H5N1 virus was intranasally administered to 10-day-old chicks, and the expression of endothelin was examined in the infected birds. All birds died within five days of inoculation, and had moderate inflammation accompanied by severe hemorrhage and congestion in the lungs. Immunohistochemical studies showed enhanced expression of endothelin-1 in the infected lungs. In addition, the real-time PCR analyses revealed that endothelin-1 and endothelin receptor A mRNA were significantly elevated in the birds with A/H5N1 infections. Subsequently, H5N1-infected birds were inoculated with bosentan hydrate, a competitive antagonist of endothelin receptors. Interestingly, the mortality rate of the infected birds was dramatically decreased in a dose-dependent manner by the administration of bosentan hydrate. The pathological lesions, including congestion and hemorrhage in the pulmonary tissues, were clearly inhibited. These find-* Corresponding author.
Introduction
Influenza infection is recognized as a zoonotic disease, and the viruses are divided into three types; A, B and C. The influenza A viruses are further classified into subtypes on the basis of their antigenic properties, including hemagglutinin (HA) and neuraminidase (NA), on the viral particle [1] . A-type viruses are maintained in wild water birds as a reservoir, but show low pathogenicity in these birds. However, the virulence is much higher in other avian species, including chickens and Japanese quails [2] . The A/H5N1 virus was transmitted to humans in Hong Kong in 1997, and then spread into Africa, Indonesia, Vietnam and Egypt via domestic and wild birds [3] . Over 300 people in Indonesia have been infected with A/H5N1, resulting in a mortality rate of over 50% [4] [5] . This virus is an imminent threat to humans, the poultry industry and potentially wild birds, and there is a high risk of a worldwide pandemic, which could cause considerable mortality and economic disruption [6] - [8] .
The A/H5N1 virus attaches to receptors on the cell surface, enters the cytoplasm by endocytosis, replicates using host enzymes and nucleotides, and a huge number of virions are subsequently produced by the host cells. These viruses spread systematically via the bloodstream and infect various organs expressing the viral receptors [7] [9]- [11] . Then, various respiratory, digestive and nervous system symptoms appear, and the resultant multiple organ failure (MOF) finally leads to death. A/H5N1 infection causes the hyper-expression of various cytokines, leading to the so-called "cytokine storm", in comparison to the seasonal influenza virus A/H1N1 or A/ H3N2 infections [5] [9] [12] [13] . Studies using transgenic mice lacking major cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-6 and CC chemokine ligand 2 (CCL2), showed no altered pathogenesis after lethal A/H5N1 influenza virus infection [14] . The lack of only one cytokine has no effect on A/H5N1 infections, because the cytokine storm is a multiple cytokine event [15] . Accordingly, the development of acute respiratory distress syndrome, MOF and encephalopathy in human cases of A/H5N1 are thought to be induced by this cytokine storm.
Endothelins are vasoconstrictor peptides that contribute to various physiological functions in a variety of tissues, and belong to a family of three endogenous proteins; endothelin-1, endothelin-2 and endothelin-3 [16] [17] . Endothelin-1, a 23-residue peptide, is the most common endothelin produced by endothelial cells. Abnormal secretion of endothelin-1 was shown to increase pulmonary hypertension in the rat lungs by inducing vasoconstriction due to the induced contraction of pulmonary arteries by the contraction of the smooth muscles [18] - [20] . Endothelin-1 modulates the vascular tone via interactions with endothelin receptors type A and B [21] . Both receptors are expressed in vascular smooth muscle cells in pulmonary blood vessels, as well as in nerve trunks and submucosal glands. Endothelin receptor A on the vascular smooth muscle cells is responsible for the vasoconstrictor effects of endothelin-1, whereas endothelin receptor B on the endothelial cells mediates vasodilatation. The expression of endothelin-1 increases in the airways of mice infected with A/H1N1, and the distribution of endothelin-positive cells is co-localized with the inflammatory reactions associated with viral infection [22] . However, the effects and contributions of endothelin-1 to virus-induced pulmonary diseases remain to be clarified.
Chickens suffering from avian flu caused by A/H5N1 viruses normally experience sudden death within seven days of infection, without showing any severe systemic degenerative or inflammatory response [2] . Sporadic chicken cases of A/H5N1-infections show severe hemorrhage, and edema and congestion have been seen in various tissues, especially pulmonary tissues, thus indicating that there is ischemia due to vascular abnormalities that are similar to the findings of human acute respiratory distress syndrome.
This study focused on the expression pattern of endothelin that modulated the vascular tone via endothelin receptor type A (ETA) to elucidate the pathogenicity of A/H5N1 infections. The aim of this study is to confirm whether the inhibition of endothelin function can rescue animals from sudden death due to A/H5N1 infections.
Materials and Methods

A Sporadic Strain of High Pathological Avian Influenza Virus A/H5N1
A sporadic strain of A/H5N1 virus, A/Bogor 2/IPB/H5N1, was employed in this study. This strain was highly pathologic in domestic chickens by an experimental infection [23] [24] . For the viral titration, Madin-Darby canine kidney (MDCK) cells were grown in Dulbecco's minimal essential medium (DMEM) with 10% fetal bovine serum (FBS) and anti-mycosis agents and antibiotics at 37˚C in 5% CO 2 . The cells were re-seeded onto each well of a 96-well microtiter plate and grown to semi-confluence. After removal of the culture media and sufficient washing with phosphate-buffered saline (PBS), serial dilutions of viral fluids were adsorbed onto MDCK monolayers in each well for 1 hr at 35˚C, and then incubated in GIT media containing a low concentration of trypsin at 35˚C. The cultures were inspected for cytopathic effects (CPE) five days post-incubation; the viral infective titer was calculated and scored as the 50% tissue culture infective dose (TCID 50 ) [25] .
Experimental Challenge of Chickens with A/H5N1 and Bosentan Hydrate Administration
Newly-hatched broiler chicks were housed under controlled conditions in a BSL3 laboratory and received food and water ad libitum. When they were 10 days old, the birds were inoculated intranasally with A/H5N1 virus (10 5 TCID 50 /ml) [23] . Some chicks were injected intramuscularly with 0.2 ml of bosentan hydrate 2 hrs after infection (0, 8 or 16 mg/mL) [26] [27] , and all birds were housed for another five days. A higher volume of drug (62.5 mg/mL) was administrated to non-infected (normal) birds to confirm the safety of the treatment.
At least five birds were prepared for each volume of the drugs. Five days after inoculation, the dead birds were counted and the survival rate was scored in each group (survival birds/all birds examined). The survivors were sacrificed with pentobarbital sodium solution, the lungs were removed and the expression of endothelin and its receptors was analyzed by PCR. The lung samples were also immersed in 10% neutral buffered formalin for further histopathology and immunohistochemistry studies. For the histopathology studies, the paraffin sections were cut at 3-μm with a microtome and stained with hematoxylin and eosin (H & E) per routine procedures, and then were observed under a light microscope. All of the animal experiments were performed in accordance with the guidelines for studies with laboratory animals of the Kyoto Prefectural University Experimental Animal Committee (No. KPU09115).
Immunohistochemistry for Viral Antigens
Tissues were fixed in buffered formalin and washed in PBS. The organs were cut into 5 mm cubes and soaked in 30% sucrose in PBS overnight. The organ pieces were mounted in a compound, frozen and cut into 5 μm sections with a cryostat. The frozen sections were attached to the glass slides and were air-dried at room temperature. After being washed in PBS, the samples were incubated with a mouse monoclonal antibody against influenza A viruses (1:1000) (Serotec) at 4˚C overnight. The sections were reacted with an FITC-conjugated goat anti-mouse IgG (Invitrogen) at 37˚C for 1 hr following sufficient washing with PBS. Finally, they were mounted with glycerol, and specific signals for viral antigens were examined under a florescent microscope.
Immunohistochemistry for Endothelin-1 Expression
De-paraffinized sections were incubated with 3% H 2 O 2 for 30 min at room temperature in order to inactivate the endogenous peroxidase in the tissues. The sections were washed in PBS, incubated with 10% goat serum in PBS for 30 min to reduce the nonspecific antigen-antibody reactions, and then incubated with a mouse monoclonal antibody against endothelin (Phoenix Pharmaceuticals) diluted in PBS (1:1000) at 4˚C overnight. After sufficient washing in PBS, they were incubated with a biotinylated secondary antibody against mouse IgG (Vector Laboratories) in PBS containing goat serum (1:1000) for 1 hr at 4C. The slides were washed in PBS for 5 min, and incubated for 30 min with biotin-avidin complex solution (Vector Laboratories), diluted and washed in PBS for 5 min. The slides were incubated with fluorescein-conjugated avidin D (Vector Laboratories) in PBS (1:1000) for 1 hr at room temperature, were washed in PBS five times and mounted with cover-glass using glycerol. Finally, the specific fluorescent signal was examined under a fluorescent microscope.
Real-Time RT-PCR Analysis for Endothelin-1 and Endothelin Receptor A
The endothelin-1 (ET1) and endothelin receptor A (ETA) expression levels were quantified by real-time RT-PCR using a StepOne Real Time PCR System (Applied Biosystems). The PCR was performed using the primers for each gene according to the manufacturer's instructions (ET1: 5'-GGACGAGGA GTGCGTGTATT-3', 5'-GCTCCAGCAAGCATCTCTG-3', ETA: 5'-GTGGCCTTTTGGAGATTCTG-3', 5'-GAT TCCGATTCCC-TGAACAC-3') [28] . HPRT was used as a control housekeeping gene (5'-TCCAAAGATGGTGAAAGTGG-3', 5'-GCTTCCCCGTCTCACTGAT-3') The final volume was 20 μL, and contained 10 μL of First SYBR Green Master Mix (Applied Biosystems), 0.4 μL of each primer, 7.2 μL of DPEC and 2 μL of each cDNA (RT reaction products). All reactions were subjected to an initial denaturation at 95˚C for 3 min, followed by 40 cycles of denaturation at 95˚C for 5 s, annealing at 60˚C for 15 s and extension at 72˚C for 15 s. Melting curve profiles were determined after each reaction (cooling the sample to 68˚C and heating slowly to 95˚C, with continuous measurement of fluorescence) to confirm the amplification of specific transcripts. The messenger RNA levels were normalized in proportion to the chick HPRT level in each sample. Each experiment was performed for five samples, the scores were averaged and standard errors (SE) were calculated.
Results
Expression of Endothelin-1 and Endothelin Receptor A mRNA in A/H5N1-Infected Chicks
A strain of highly pathogenic avian influenza virus A/H5N1 was used to infect 10-day-old chicks, and the expression levels of endothelin-1 and endothelin receptor A in the chick lungs were examined five days post-viral infection. The mRNA expression levels of endothelin 1 and endothelin receptor A were analyzed by real-time PCR. The primer sets for each gene amplification were matched to the reactions: the endothelin receptor type was recognized as a single band of 160-bp, and endothelin-1 was found as a 141-bp band in another RT-PCR assay (data not shown). The results were identical to those reported in the literature [28] . Interestingly, a realtime PCR analysis showed that the mRNA level of endothelin-1 was significantly higher in the A/H5N1-infected lungs than in the normal lungs (Figure 1) . Furthermore, the levels of endothelin receptor A were also increased in infected birds.
Effects of Bosentan Hydrate on the Pathology of A/H5N1-Infected Chickens
The experimental challenge in living chickens (10 days old) with A/H5N1 caused high lethality among the birds (100%) within five days post-infection, thus indicating that this virus was categorized as a high virulent type. Of Figure 1 . Expression of endothelin-1 and endothelin receptor A mRNA in A/H5N1-infected chick lungs at five days post-infection. The mRNA expression levels of endothelin-1 and endothelin receptor A were semiquantitatively analyzed by real-time PCR and were normalized to those of the internal control, hypoxanthine phosphoribosyl transferase (HPRT). Examinations were performed in five samples in each experiment, and the values were scored as the means ± SE. Significant differences between uninfected and the infected lungs at five days post-inoculation are indicated ( * P < 0.05, compared with data from uninfected birds. Student's t-test). Both endothelin-1 and endothelin receptor A were increased in the A/H5N1-infected chick lungs compared with the uninfected normal chick lungs. note, all birds showed only slight symptoms, including dehydration and depression, followed by sudden death (Figure 2) . The histopathological study of the infected chickens showed the typical avian flu findings of acute inflammation accompanied by heterophilic infiltration, hemorrhage, edema and severe congestion in various organs, mainly in the pulmonary tissues.
The pulmonary sections of infected birds showed slight to moderate inflammation with heterophilic infiltrations in the interstitium and parabronchial cavities. Severe hemorrhage and congestion, accompanied with edema and mucosal exudates, were predominately seen (Figure 3) . The inflammation was also seen in the renal tissues. Occasionally, severe micro-hemorrhage and subsequent colliquative necrosis frequently occurred in dead birds, especially in the central nervous system (data not shown).
Next, bosentan hydrate was directly administered to A/H5N1-infected chicks to confirm the therapeutic effects on avian flu infections; bosentan hydrate was intra-muscularly injected in the birds at 2 hrs post-viral inoculation. Interestingly, the survival rate of the infected birds was dramatically increased by an injection of bosentan hydrate (Figure 2) . In addition, the pathological reactions in the infected lungs in infected chicks were decreased by the injection of bosentan hydrate. The edema, hemorrhage, congestion and mucosal exudation were clearly inhibited in the lesions (Figure 3) . These findings were consistent with the results showing that the Figure 2 . Effects of bosentan hydrate on the survival of A/H5N1-infected chicks. The chicks were intranasally challenged with A/H5N1 virus, and then were administrated bosentan hydrate. The dead chicks were counted five days post-inoculation, and the survival rate was calculated. Without bosentan administration (0 mg), all of the infected birds died within five days. However, the number of survivors was dramatically increased by treatment with 8 mg, and was further increased by treatment with 16 mg, of bosentan hydrate. Accordingly, the death of the A/H5N1-infected chicks was inhibited by the administration of a high dose of bosentan hydrate.
A/H5N1
A/H5N1 + bosentan hydrate Severe heterophilic infiltration, hemorrhage, edema and mucosal exudation were seen in the interstitium and parabronchial cavities in the lungs from A/H5N1-infected chickens at five days post-infection (A). The congestion was also seen in the affected lungs, whereas pathological lesions were scarcely found in the infected lungs after bosentan injection (B). Bars, 200 μm. mortality of A/H5N1 chicks was decreased by bosentan administration. In non-infected chicks administrated with higher volume of bosentan hydrate, clinical symptoms and histopathological lesions were not observed; bosentan hydrate was safety in chicks in this study. Accordingly, bosentan hydrate could rescue a considerable number of birds from death following A/H5N1 infection.
Distribution of Viral Antigens and Endothelin-1 in A/H5N1 Infected Chick Lungs
Immunofluorescence staining revealed that endothelin-1 was scarcely found in the normal chick lung, whereas enhanced expression of endothelin-1 was seen in the A/H5N1 infected lungs; the specific immunofluorescence was detected in the respiratory endothelial cells and/or infiltrating cells (probably macrophages) in inflammatory lesions (Figure 4) . The viral antigens were found in the pulmonary tissues of infected chicks at five days postinoculation. No obvious differences were found in the viral distribution or endothelin-1 expression among A/H5N1-infected birds with or without the administration of bosentan hydrate. This indicated that bosentan hydrate altered neither the endothelin-1 expression nor the viral localization.
Discussion
The mechanism underlying the sudden death induced by A/H5N1 virus infections remains to be clarified in poultry and mammals [9] [14] . However, the present study demonstrated that endothelin-1 and its receptor might play a role in the sudden death in A/H5N1-infected chickens. The endothelin expression in endothelial or infiltrating cells and the expression of the endothelin receptor are mainly detected in the smooth muscle cells of blood vessels. The interactions of endothelin-1 with its receptor cause vascular contraction under both physiological and pathological situations. The present study strongly suggested that the abnormal vascular contraction induced by endothelin-receptor interactions caused the hemorrhage and congestion, which may have induced the ischemia or multiple organ failure in infected birds, and finally led to sudden death. Multiple organ failure induced by a cytokine storm is hypothesized to be the main cause of mortality in human cases of A/H5N1 infections, because the secretion of various cytokines is markedly elevated during viral infection [12] . Proinflammatory cytokines, including TNF-α, IL-6 and CC chemokine ligand 2, are highly produced in humans and mice during the early stages of infection by highly pathogenic avian flu. However, inhibition of the cytokine response by steroids does not protect animals from death due to highly pathogenic A/H5N1 influenza infection [14] . Interestingly, in this study, a real-time PCR analysis showed that the mRNA level of endothelin-1 was significantly higher in the A/H5N1 infected chick lungs than that in the normal lungs. It has been reported that production of endothelin-1 in vascular endothelial cells and inflammatory cells is increased by various factors including TGF-beta, Interleukin 1, thrombin, TNF-alfa, angiotensin associated with tissue injury and inflammation [29] - [32] . Also inflammatory cells-endothelial contacts and hemodynamic shear stress stimulate endothelin production [33] . In the present study, these factors or cell stress might be increased in injured lungs by A/H5N1 infections that enhance the endothelin-1 levels.
One particularly interesting and potentially important finding of the present study was the fact that bosentan hydrate could rescue the chicks from sudden death following A/H5N1 infections. Bosentan hydrate is an endothelin receptor antagonist which non-selectively binds to both endothelin receptor A and B, and controls various adverse effects, such as vasoconstriction induced by excessive endothelin by inhibiting the interaction of endothelin with its receptors [26] [27] . In this study, bosentan hydrate might have blocked the endothelin-1-induced abnormal vasoconstriction and subsequent hemorrhage, edema and congestion in infected lungs, which all lead to systemic ischemia or acute respiratory distress syndrome.
In preliminary studies and sporadic chicken cases of A/H5N1 infections, micro-hemorrhage and subsequent colliquative necrosis were frequently observed in dead birds, especially in the central nervous system. Therefore, abnormal vasoconstriction by the endothelin-endothelin receptor interactions might occur systemically. Studies are currently underway to elucidate the expression patterns of these molecules in other organs of infected chickens, as well as in the lungs.
This study revealed the therapeutic effects of an endothelin receptor antagonist, bosentan hydrate, on H5N1 infections; a single injection of this drug into the muscle rescued infected chicks from death. More detailed examinations, including different challenge routes, the dose-response relationship and serum level (C max and halflife) of chemical are underway. In addition, the effects of bosentan should be evaluated for other strains of avian influenza viruses.
Anti-viral drugs have been employed to treat influenza patients [34] . Most of them target NA antigens on the viral surface, for example, oseltamivir and zanamivir target the NA to inhibit the viral release from primary host cells. The authors strongly believe that inhibiting endothelin's function as a vasoconstrictor by blocking its receptors might rescue populations from death in the event of an A/H5N1 pandemic.
